Background: Younger athletes have high rates of second anterior cruciate ligament (ACL) injury. Return-to-sport criteria have been proposed to enable athletes to make a safe return, but they frequently lack validation. It is unclear whether commonly recorded clinical measures can help to identify high-risk athletes.
Younger athletes who undergo anterior cruciate ligament (ACL) reconstruction surgery have high rates of second ACL injuries. Cohort studies have specifically reported that 20% to 40% of young athletes sustain a second ACL injury between 1 and 5 years following surgery. 3, 12, 19, 20, 25, 28 There are likely multiple reasons why this young group is at such high risk, but current evidence indicates that exposure to strenuous sports is a contributing factor. 8, 28, 29 Two recent cohort studies showed that 50% of younger patients return to strenuous sports before the 12-month postsurgical time point, 2, 26 and it is therefore reasonable to hypothesize that this early exposure increases the risk for further ACL injury.
Return-to-sport criteria have been proposed to enable athletes to make a safe return, but they frequently lack validation. Studies also do not typically tailor return-tosport criteria to the younger athlete, even though younger patients have been shown to score better on a variety of postoperative assessments as compared with older patients. 27 Studies that have utilized return-to-sport test batteries to clear athletes to return to sport show that "pass" rates vary considerably in younger athletes and can be as low as 14% and as high as 79%. 15, 24 Furthermore, return-to-sport testing shows that only a quarter of younger athletes who have already returned to strenuous sports meet return-to-sport criteria. 2, 4 There is clearly more work to be done to understand what return-to-sport tests should be used in younger patients who undergo ACL reconstruction and plan a return to strenuous sports, as well as how such criteria should be interpreted for the younger athlete.
Return-to-sport test batteries typically include fixedunit dynamometry strength tests as well as a variety of functional measures such as hop tests and, more recently, patient-reported outcomes. 1 It is, however, currently unclear whether other clinical measures, such as range of knee motion and knee stability, can help to identify high-risk athletes. The purpose of this study was therefore to explore the association between commonly recorded clinical measures and second ACL injury in a young active patient group. It was hypothesized that patients who met the threshold for satisfactory function on these clinical measures would have a reduced risk for subsequent ACL injury.
METHODS

Patient Selection
The inclusion criteria for the study were as follows: primary single-bundle ACL reconstruction, age younger than 20 years at surgery, normal contralateral knee (no previous knee surgery), routine follow-up at 12 months postoperatively, and a return to preinjury sport at either a lower or the same level at some time following surgery. From a clinical practice database, we identified a cohort of 623 patients who had undergone single-bundle primary ACL reconstruction surgery between May 2005 and October 2015. There were no or incomplete 12-month clinical follow-up data for 129 patients, of whom 39 had already sustained a second ACL injury prior to the 12-month clinical review (25 ruptures, 14 contralateral ACL). We were unable to contact 85 patients for longer term (þ3 years) follow-up to determine if a subsequent ACL injury had occurred. Full data were therefore available for 409 patients, of whom 80 had not made any return to sport, resulting in 329 patients in the final study cohort (Figure 1 ).
Surgical and Rehabilitation Details
Most patients had an arthroscopically assisted 4-strand hamstring tendon graft (n ¼ 323) with use of the semitendinosus and gracilis tendons with transportal drilling of the femoral tunnel. Medial meniscal tears were present in 75 (23%) patients. Of these tears, 29 were repaired, 26 were partially resected, and 20 were stable and not addressed surgically. Lateral meniscal tears were present in 111 (34%) patients; of these, 11 were repaired, 49 were partially resected, 47 were not addressed surgically, and 4 had previously been partially resected. Chondral damage was present in 35 patients (International Cartilage Repair Society grade 2, n ¼ 27; grade 3, n ¼ 5; grade 4, n ¼ 3). Suspensory proximal fixation was used on the femoral side and interference screw fixation on the tibial side. Postoperatively, all patients followed the same rehabilitation protocol, which encouraged immediate full knee extension and the restoration of quadriceps function as soon as possible. Weightbearing was allowed on an as-tolerated basis from the first postoperative day. No braces or splints were used. Progression was guided by the presence and degree of pain and swelling. The minimum requirements for a return to sport were no effusion, an essentially full range of motion (passive extension deficit and flexion deficits <5 vs contralateral knee), good quadriceps strength and control of a single-legged squat-all determined by the treating surgeon in the clinic-unrestricted running and landing, and at least 4 weeks of full and unrestricted training. The earliest that these criteria were met was between 9 and 10 months from surgery. Only those patients who were cleared to return by the treating surgeon were eligible for this study.
Data Collection and Procedures
At 12 months after surgery, patients had a routine clinical follow-up appointment where the following evaluations took place. Assessments were completed by a number of trained clinical assessors. 27 Passive knee flexion of both knees was recorded with a goniometer, with the patient in the lateral decubitus position. For comparative purposes, the deficit (in degrees) of the operated limb relative to the contralateral limb was used. Extension deficits were recorded with the method described by Sachs et al. 22 With the patient prone, the difference in heel height was converted to an extension deficit in degrees by a formula based on the difference in heel height and the patient's height. This method recorded the deficit relative to the normal hyperextension, if any, of the contralateral limb rather than relative to an arbitrary zero degrees.
Measurements of side-to-side differences in anterior tibial displacement were made with a KT-1000 arthrometer (MEDmetric Corp) at 134 N. Three measures were taken from both knees, and the average displacement in millimeters was recorded. The side-to-side difference was recorded as the operated knee score minus the contralateral knee score.
Patients completed both a single hop for distance and a triple crossover hop for distance. They were instructed that they must hop as far as possible but control their landing. A familiarization trial was permitted, and any trial where the landing was not controlled (ie, touchdown with the opposite foot) was excluded. Two successful trials from both limbs were recorded, and the average was used to calculate a limb symmetry index (LSI; operated side score divided by contralateral side score Â 100%). An LSI <100 indicated a deficit in the operated limb.
Patients also completed a self-administered questionnaire that included the International Knee Documentation Committee (IKDC) 2000 subjective knee evaluation score 11 and the level of their preinjury sport to which they had returned, based on the following categories: no return, return to training, return to lower level, or return to same level.
At a minimum of 3 years after surgery, (mean, 5 years; range, 3-9 years), patients were contacted to determine the occurrence of further ACL injury. This was done via an online survey or telephone interview in which patients responded to structured questions regarding any further injuries to the ACL-reconstructed knee or the contralateral knee as well as the level of sport to which they had returned (same categories as before). To meet the study eligibility criteria, patients must have returned to preinjury sport at either a lower or the same level at some time following their surgery (12-month or follow-up assessment).
Data and Statistical Analysis
Patients were grouped according to whether they had sustained a further ACL injury, and between-group differences were compared with independent-samples t tests for each of the measured variables. This was performed for the entire group (all second ACL injuries) and then separately for those who sustained a graft rupture or contralateral ACL injury.
Arbitrary but commonly used threshold values for the various tests were then used to indicate a satisfactory result. A flexion deficit of 5
, an extension deficit of 3 , a side-toside difference in anterior knee laxity of <3 mm, LSIs of !90% for the hop tests, and an IKDC score of !90 were considered indicators of a satisfactory outcome. 10 It is important to note that these criteria were from routine 12-month follow-up testing and were not used to clear a patient to return to sport. The number of patients who met each of these criteria was calculated and compared between groups with contingency tables and odds ratios to determine if there was an association between meeting the criteria and having a second ACL injury. The number of patients meeting all 6 criteria was also calculated, and these data were used to determine the risk ratio (RR) for second ACL injuries. The predictive validity of any variable that significantly differed between groups was further assessed by use of receiver operating characteristic (ROC) curve statistics. All data were analyzed with SPSS statistics software (v 23; IBM Corp). A P value .05 was used to indicate statistical significance.
RESULTS
The study patients consisted of 200 males and 129 females with a mean (SD) age of 17.2 (2) years. The mean time between injury and surgery was 4 (8) months. A total of 95 patients (29%) sustained a second ACL injury following the 12-month clinical assessment. There were 50 graft ruptures, which occurred at a mean of 2.8 (1.9) years after surgery, and 45 contralateral ACL injuries, which occurred at a mean of 3.8 (1.8) years. At the 12-month assessment, 47% of patients had returned to full competition sport, and patients who later sustained a second ACL injury had the same return rate at this time point as those who did not sustain further injury (47% for both groups).
Between-group comparisons for all 12-month follow-up measures are shown in Table 1 . Patients who sustained a second ACL injury had significantly greater passive knee flexion deficits (P ¼ .005) and greater anterior knee laxity (P ¼ .03) than those who did not. When analyzed according to the type of second ACL injury, a greater knee flexion deficit was significantly associated with graft rupture (P ¼ .009), whereas greater anterior knee laxity (P ¼ .02) was significantly associated with contralateral ACL injury. Hop test symmetry scores, extension deficits, and IKDC subjective knee scores were not significantly different between the patient group that went on to a further ACL injury and the group that did not.
Patients with a flexion deficit of >5 had 2.3 times the odds of sustaining a graft rupture. Patients with a side-to-side difference of !3 mm in anterior knee laxity had 2.4 times the odds of sustaining a contralateral ACL injury (Table 1) . ROC analysis showed that a passive flexion deficit of >5 had fair predictive ability for graft rupture (area under ROC curve ¼ 0.6; 95% CI, 0.51-0.68; P ¼ .4; specificity ¼ 0.82, sensitivity ¼ 0.32) as did a difference in laxity !3 mm for contralateral ACL injury (area under ROC curve ¼ 0.6; 95% CI, 0.49-0.68; P ¼ .7; specificity ¼ 0.82, sensitivity ¼ 0.38).
Overall, 29% (94 of 329) of patients met the satisfactory threshold for all 6 criteria. These patients had a 33% reduction in the risk of sustaining a second ACL injury compared with patients who did not meet all clinical thresholds (RR, 0.67; P ¼ .05; second ACL injury rate: 21% "satisfactory" group, 32% "not satisfactory" group). Meeting the satisfactory threshold for all 6 criteria reduced the risk of a contralateral ACL injury by 54% (RR, 0.46; P ¼ .036) and a graft rupture by 20% (RR, 0.8; P ¼ .4).
DISCUSSION
The current study confirms the high second ACL injury rate in younger athletes who undergo ACL reconstruction surgery and shows that commonly used clinical measures may have utility for assessment of the risk of future ACL injury. Of the 6 clinical measures that were utilized in the study, having a flexion deficit of >5 was most strongly associated with graft rupture, whereby patients who had such deficits had over twice the odds of this occurring. Greater laxity in the reconstructed knee was also shown to increase the risk of sustaining a contralateral ACL injury. The present results therefore highlight the importance of achieving a good range of motion and a stable knee following reconstruction surgery and the potential negative consequences when this is not achieved.
Functional hop tests are a common component of return-tosport test batteries. 5 It is therefore notable that the scores of these tests alone did not distinguish between patients who did and did not have a second ACL injury. As in recent studies, we employed a 90% limb symmetry threshold as indicative of a satisfactory performance. 2, 4, 7, 16, 24 The overall rate of satisfactory performance was high (on average, 79% for single-limb hop and 84% for triple hop for distance), and mean LSIs were all above 90%. This most likely reflects our young patient cohort, as it has been shown that younger patients tend to have higher LSI scores than older patients. 27 This criterion and a 90% threshold may therefore be less sensitive in a younger cohort, in which most patients do well.
While knee flexion and laxity were the measures most associated with second ACL injury, the patient group that sustained a further ACL injury tended to score lower on all measures that were used in this study. When combined, only 29% of patients had satisfactory results for all 6 tests. This is consistent with other studies that have utilized return-to-sport test batteries 7, 23 and with a recent review and meta-analysis that reported that only 23% of patients passed return-to-sport test batteries after ACL reconstruction surgery. 30 Such low pass rates are of concern and, from an injury prevention perspective, suggest that many patients return to play without "normal or near normal" knee function and control. In the current study, patients who had satisfactory results for all 6 tests had a 33% reduced risk of second ACL injury compared with patients who did not meet all of the clinical thresholds. The risk was reduced for both the reconstructed knee (20% reduction in risk) and the contralateral knee (54% reduction in risk) but was statistically significant for only the contralateral side. Previous studies have tended to show mixed findings in terms of passing return-to-sport criteria and subsequent ACL injury. 30 Only 2 cohort studies have shown a significant effect of passing criteria and subsequent injury, and the results are contradictory. Kyritsis et al 14 recorded graft ruptures in elite male athletes and reported that those who did not meet all return criteria had a 4-times greater risk of graft rupture. In comparison, Sousa et al 23 did not find a reduced risk for graft rupture in their group who passed criteria, but they did find a significantly increased risk for contralateral injuries. The current data show yet another finding, which is that meeting specific thresholds for selected clinical criteria may be protective against future contralateral ACL injury in young patients who return to sport. Importantly, meeting the thresholds for the criteria used in this study was not shown to increase the risk of graft rupture, and as such, it seems sensible to recommend that such thresholds be used as a guide during rehabilitation.
There are, however, several methodological differences among these studies that are worth noting. The tests used in the current study were different from those in the previous studies, which used a range of strength and agility tests. The time frames for assessment and patient cohorts were also notably different. Sousa et al 23 performed their testing at an earlier time point (6 months), and not all patients in their cohort were active in sport prior to their original ACL injury. Kyritsis et al 14 did not explicitly state the time after surgery at which testing was performed on their all-elite athlete group. Finally, it should once again be emphasized that in this study, unlike those by Sousa et al and Kyritsis et al, patients were not given clearance to return to sport based on their meeting the thresholds of the various clinical criteria, which were recorded at routine 12-month follow-up. The merit of using such criteria for this purpose therefore needs further evaluation.
The results of the current study are generally similar to those of Graziano et al, 6 who studied a small group (N ¼ 42) of skeletally immature athletes following ACL reconstruction surgery. In their study, patients who passed return-to-sport tests, which were conducted throughout the rehabilitation phase, had fewer second ACL injuries (11%) than those who failed criteria (25%). Interestingly, the percentage difference in reinjury rates was similar to that of the current study, where 21% of patients who reached the satisfactory threshold for all the clinical tests sustained a further ACL injury, as opposed to 32% who did not have a further injury.
In the current study, strict inclusion criteria were applied to reduce the number of potential confounders. Along with criteria that are commonly applied (eg, normal contralateral knee), we required patients to have returned to sport. Subsequent ACL injuries are substantially less likely to occur in patients who do not return to sport, so this was felt to be particularly important. Many previous studies have not specifically applied this criterion or stated that all patients in their cohort had indeed returned to sport. We also specifically focused on younger athletic patients. This is the age and activity group that is most at risk for a second ACL injury, and previous studies have suggested that the reason is that younger athletes more frequently return to strenuous sports and consequently have a higher level of exposure. 13 While we found that those patients who demonstrated satisfactory performance of selected clinical criteria at a 12-month postoperative assessment had a reduced risk for further ACL injury, we do not know the mechanism by which this contributed to the reduction in risk. It is reasonable to suggest that movement biomechanics may be influenced, and this is supported by previous studies that have shown that certain biomechanical variables can predict the risk of ACL injury. 9, 21 In terms of why increased graft laxity may increase the risk of contralateral ACL injury, biomechanical findings have demonstrated increased loading of the contralateral limb at the time of return to sport. 17 Increased laxity might exacerbate this increased loading of the contralateral limb, which may also account for the increased risk in contralateral ACL injury. A similar mechanism could occur for the ipsilateral limb wherein a reduced range of motion may contribute to altered knee biomechanics during functional tasks. This is, however, highly speculative.
Psychological factors have also been shown to be associated with return to sport after ACL reconstruction and have been suggested to be included in injury risk prediction screening. 5, 18 However, such factors were not assessed in the current study. While the present study found a potential usefulness of commonly used clinical tests, it is not being suggested that they replace other types of returnto-sport tests, such as assessment of strength, which have also been shown to have utility for the identification of those at risk for knee reinjury. 7, 14 Rather, we hope that the current findings add to the tools that a clinician can use throughout rehabilitation and in the return-to-sport decision-making process.
The current study has several limitations. Given that the clinical criteria were not applied to clear patients to return to sport, the cohort was mixed in terms of whether the patients had returned to sport at the time of clinical testing.
Patients who had sustained a second ACL injury before 12 months were also not able to be included, as we did not collect their 12-month clinical data. While we asked patients if they had returned to their prior sport and level of participation, this does not equate to an assessment of exposure to risk, and it is therefore possible that those patients who were reinjured had a different level of sport exposure after their return than those who did not sustain further injury. The absolute magnitudes in the differences seen between groups for the significant measures were not large, and when we take measurement error into account, it would be difficult to identify further injury risk at an individual patient level. A recent study has, however, identified patients who have high risk profiles for second ACL injury based on patient demographics (age and sex) and clinical measures such as hop tests. 18 It is also unknown whether requiring that patients delay their return to sport until they have met certain criteria makes a difference in terms of reducing the risk of reinjury. Furthermore, although the minimum 3-year follow-up time allowed us to capture further ACL injuries, it is unclear for how long meeting certain criteria has an effect on the risk of reinjury. If patients are reinjured during their first couple of sport exposures, it would be logical to verify whether they had passed return-to-sport testing or not. However, if a patient has played for several full seasons, it may not be meaningful to relate an injury that occurs after this time back to testing that occurred years earlier.
CONCLUSION
This study showed that commonly used clinical measures of knee flexion and instrumented anterior knee laxity were significantly different between younger patients who went on to a second ACL injury and those who did not. Patients with a flexion deficit had over 2 times the odds of sustaining a graft rupture, and patients with greater laxity had over 2 times the odds of sustaining a contralateral ACL injury. Functional hop tests were not discriminative, and most younger patients scored well on these tests. Patients who were assessed as being satisfactory on all 6 clinical tests that were used had a 33% reduction in the risk for second ACL injury. This study results indicate that these clinical measures may have utility in identifying patients who are at even greater risk of a second ACL injury in this cohort who are already at high risk owing to their age and activity level.
